Preliminary experimental evidence for the existence of the electroviscous in ionic liquids is submitted. The theoretical predictions of the previous paper have been qualitatively con firmed, and quantitative experimental work is now in progress. The rate of approach of surfaces in various liquids has been observed, and it has been demonstrated that equilibrium distances of separation under finite pressures are very small.
Introduction
It is the object of this paper to give details of preliminary experimental work carried out to demonstrate the existence of an electroviscous effect in ionic liquids, as predicted theoretically in the preceding paper. This work has also thrown some light on the problem of the possible existence of long-range repulsive forces between surfaces immersed in a liquid.
As already pointed out on pp. 259, 273, the experiments of Eversole & Lahr, and Derjaguin & Kussakov, which appeared to support the existence of these forces, are open to serious criticism on theoretical grounds.
In the re-examination of this problem by the writer, it was proposed: (i) To repeat the experiments of Eversole & Lahr (1941), using an apparatus and experimental technique capable of giving results of sufficient accuracy and precision to enable the drawing of definite conclusions on the presence or absence of thick rigid water layers at quartz/water interfaces, and to extend the work to suitable non-polar liquids.
(ii) To study the approach of a quartz lens to a quartz plate in water, in dilute salt solutions, and in non-ionic liquids, in an attempt to obtain experimental evidence of the-electro viscous effect, and to check the results of the experiments proposed in (i) above.
(iii) To repeat and extend the experiments of Derjaguin & Kussakov (1939 a, 6) and Darjaguin (1940) on the behaviour of gas bubbles in close proximity to a liquid interface, in an attempt to obtain definite evidence of the presence or absence of high equilibrium distances of separation, and of the existence or non-existence of thick compressible solvate layers at these interfaces.
Condensation of a liquid film between a lens AND PLATE INITIALLY IN CONTACT
Eversole & Lahr reported that if a water film were condensed between a quartz plate and convex lens, initially in contact, a rigid water film formed between the surfaces produced a measurable equilibrium distance of separation. Their results were criticized on statistical grounds by the writer (Elton 1946).
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(i) Materials used
Two optically polished quartz plates, and a plano-convex quartz lens of radius of curvature 100 cm., were used in this investigation. All were grade A optical quality supplied by Messrs Thermal Syndicate Ltd.
The water used was conductivity water which had been allowed to come to equilibrium with the atmosphere, and had a specific conductivity of about 0 7 x 10~6 ohm-1 cm.-1.
Methyl alcohol was purified according to the method of Weissburger & Proskauer (i 935), and stored in a stoppered bottle in a desiccator containing magnesium perchlorate.
Toluene was purified according to the method described by Mathews (1926), and stored as described above.
Ether was purified by keeping the B.D.H. AnalaR material over sodium for a prolonged period, and distilling through a 6 ft. column packed with |i n . Lessing rings into a flask fitted with a magnesium perchlorate tube, first and last runnings being rejected. The resultant liquid was stored as described above.
Potassium chloride was prepared pure by recrystallizing B.D.H. AnalaR potas sium chloride from conductivity water.
(ii) Apparatus
The form of the apparatus used in this investigation is shown in figure 1. The cell C consisted of a stout phosphor-bronze cylinder covered by a thick brass plate P standing on a square-sectioned rubber gasket O around the circumference of the cylinder. An optical glass observation window W was cemented into the centre of the brass plate, and the cell was rendered gastight by screwing down an annular cap A over the brass plate on to the cylinder. A brass tube bearing two leads to the remainder of the apparatus (figure 2) was let into the base of the cylinder. The cell itself stood on a horizontal metal table, which could be moved up and down a vertical column supported on a heavy base. A small brass table T stood inside the cell, and on this were placed (a) a ground cobalt glass plate to absorb unwanted light reflexions, ( ) the optically polished quartz plate, and (c) the optically polished quartz lens.
Monochromatic light was provided by a podium vapour lamp placed behind a slit at the focus of a short focal length convex lens. The parallel beam was reflected down into the cell by a microscope cover-slip cemented to a rod which could be rotated about its axis and adjusted so that the cover-slip was at an angle of 45° to the vertical. The microscope was mounted in a brass collar which could slide up and down the supporting column, and could be locked in any desired position. A half-plate camera body was attached to the microscope, and the ground-glass focusing screen of the camera could be racked up and down independently, enabling yery sharp focus to be obtained. Usually no microscope eyepiece was used, the image being projected directly on to the screen by the objective. Either a 4 in. or a 2 in. objective was used, according to the magnification required. Dry, dust-free air, free from carbon dioxide, could be drawn through the apparatus via a purifica tion train.
(iii) Experimental technique-preliminary testing When attempting to measure small distances of separation, scrupulous cleaning of the solid surfaces was essential. The quartz surfaces were vapour degreased using benzene vapour, traces of which were then removed by heating in an enclosure at 100 to 150° C. The clean dry lens and plate were placed in position on the brass table inside the enclosure (with the lens on top of the plate), the brass cover-plate replaced on the cell, and the cap screwed down. Clean dry air was drawn through the enclosure for some minutes, while the illumination system was adjusted. The Newton's rings formed between the surfaces were photographed on anti-halo backed Kodak O 800 photographic plates. Measurement of the radius of the rings was made from a positive print, which was mounted on a light-box and viewed with a low-power travelling microscope. Since the rings were of finite width, the inside and outside radii were measured and the average taken.
The distance of separation between the lens and plate was calculated as follows. It may be shown that r2 ' n RnX -2 Rt,
where rn is the radius of the nth dark ring, R is the radius of curvature of the lens, A is the wave-length of the light, p i s the refractive index of the surfaces, and t is the minimum distance of separation of the surfaces. A graph of r\ against n gives a straight line having an intercept on the r* axis of -2 and slope A R /p .Since A, R and p are known, the slope may be calculated, and, if the rings had been measured directly, would be equal to the observed slope. If, however, the rings have been photographed, under conditions which render the exact deter mination of the magnification in each case difficult, the magnification M may be calculated as follows. If the values of the radius as measured on the photograph squared (rf) are plotted against n, we have
If the observed slope is divided by the calculated slope, is obtained. The observed values of r\ were plotted against n, and the best line through them and the intercept on the r\ axis calculated by the method of least squares. The mag nification M was calculated as described above, and the calculated intercept on the r\ axis was divided by -2 R M 2 to give the required value 
(iv) Experiments on liquids
Briefly, the procedure in these experiments was to place the lens and plate together in air, measure the distance of separation in air (<alr), introduce the liquid, measure the distance of separation in the liquid (<nqul<i), evaporate off the liquid, and remeasure t&iT. After several experiments, the results were examined stat in order to detect any significant difference between £llquld and t& lT which might be taken as indicating the presence of a rigid liquid layer separating the two surfaces. The lens and plate were placed together in the enclosure and the rings formed in air were photographed. The vapour of the liquid to be examined was then introduced using the apparatus shown in figure 2. The liquid was held in the container A, which was provided with a ground-glass neck for easy removal. The taps Tx and T2 were closed, tap T3 was opened, and the liquid in A was warmed. Liquid condensed in the main enclosure between the lens and plate and the rings formed in the liquid were photographed. Tap T3 was then closed, taps Tx and T2 opened, and a stream of pure dry air was drawn through the apparatus until the liquid ring had disappeared, and continued for a further considerable period of time. In the removal of this liquid ring, a persistent central spot of liquid always occurred, due to the lowering of the effective vapour pressure by the Kelvin effect in the narrow annular capillary formed between the lens and plate. (The quantitative study of this effect is to be the subject of a further publication.) Prolonged aspiration was necessary in order to complete the removal of this spot. When the aspiration was complete, the rings formed in air was rephotographed.
Measurements were made using water, methyl alcohol, toluene and ether. The results obtained are given in table 3. It is seen that in all cases there is no significant difference between the values of £llqujd and t& iT. P in table 3 represents the probability of insignificance of the difference between the means of the two series.
Approach of a lens to a plate in a liquid (i) Experimental method
A glass dish of suitable dimensions was placed inside the observation cell described in the previous section (figure 1), and the lens placed convex side downwards on the plate, which rested on the plate of ground cobalt glass. The liquid under examination, which had been prepared as free from dust as possible, was placed in the dish to a depth of about 2 cm. Using clean tongs, the lens was raised to a height of about 1 cm. above the plate and allowed to fall. The brass cover-plate was replaced on the cell, the cap screwed down, and the Newton's rings formed between the lens and the plate were photographed at suitable intervals. It was found that the rings obtained were not so clear and sharp as those obtained with air between the plates, due to the smaller difference in refractive index between the two media. Also, some undesirable reflexion of light occurred at the liquid/air interface. This could not be readily eliminated, but was not sufficiently serious to affect materially the results obtained.
(ii) Strong salt solutions
Solutions of potassium chloride in water were made up having strengths 1-0, 0-5, 0*1 and 0-05 n , and used in experiments as described in the preceding paragraph. It was found in these and subsequent experiments with liquids that the probable error was rather higher than before, probably about ± 50 A, due to the reduced sharpness of the rings. In all cases it is found that within the limits of experimental error, the lens has reached the plate before the first reading has been taken (usually less than 5 min.). This is to be expected from ordinary viscous laws, in the absence of any appreciable electroviscous effect. The lens would presumably approach rather faster than a sphere of the same radius of curvature acted upon by the same force, since the viscous drag would be less. Calculations from the Taylor equation on this basis lead to very small distances of approach within 1 min.
(iii) Non-ionic liquids
The liquids used were methyl alcohol, toluene and ether. Great care was taken to keep the liquids absolutely dry during storage, and during the experiments a few crystals of magnesium perchlorate were placed in the liquids.
Under these conditions, it was again found to be impossible to detect any motion of the lens after a few minutes. If, however, the liquids contained even a trace of water, the lens approached more slowly. Table 4 gives the experimental results obtained using benzene containing 0*1 % added conductivity water. Measurable approach is continuing after more than 24 hr. This phenomenon is attributed to the existence of a finite electrokinetic potential against the quartz in the case of these mixtures. This, together with the extremely low conductivities of the mixtures, would be expected from the previous paper to lead to an appreciable resistance to approach. (Note. For zero electrokinetic potential and zero specific conductivity, the apparent viscosity becomes indeterminate (see p. 267). However, under these conditions, since no ions are present, the electroviscous resistance to flow is zero, so that 7f -ija).
(iv) Dilute salt solutions
It is in very dilute salt solutions and in pure water that the greatest electroviscous forces are to be expected, on account of the high electrokinetic potentials and low conductivities of these liquids. Solutions of potassium chloride in conductivity water were prepared having strengths 10~5, 10-4 , 10~3 and 10~2n . The approach of the lens to the plate in these solutions was observed, and the results obtained are expressed graphically in figure 3.
It is seen that for small distances of separation, the rate of approach of the lens to the plate in these solutions is markedly dependent on the ionic concentration, increasing as the ionic concentration increases.
The approach of an air bubble to a solid SURFACE IMMERSED IN A LIQUID (i) Experimental method
The experimental arrangement was a simple one. An optically polished plano concave quartz lens of radius of curvature 100 cm. was vapour degreased and then placed concave side down on three Pyrex glass blocks arranged tripod fashion over a ground cobalt glass plate in a Pyrex glass dish. (The concave quartz surface was used to overcome the difficulty originally encountered in maintaining a free air bubble motionless under a flat plate.) When the concave lens had been placed in position, the liquid under examination was introduced into the dish so as to cover the lens completely, and a small air bubble released under the lens by means of a pipette. The dish was then covered with a flat glass plate, the optical system adjusted, and the Newton's rings formed in the bubble observed.
As a bubble approached the plate it was observed that the innermost rings moved towards the centre, while the outer rings moved away from the centre of the ring system. This behaviour indicated the presence of a 'barrier' ring (see p. 272 and Derjaguin & Kussakov 1939a), having a minimum distance of separation from the plate. The barrier ring was located between the inward-moving and the outwardmoving Newton's rings.
When the motion of the bubble was sufficiently slow, the rings were photographed. The diameter of the rings was measured on the photograph and the profile was constructed. A typical photograph and the corresponding profile was given in figures 4 and 5.
The minimum distance of separation of the bubble from the plate could then be calculated as follows:
The length of a chord A B (figure 5) at a known height above the plate was measured on the profile, and the lengths of a number of such chords plotted against the corresponding heights. It was generally found that for heights up to about 10,000 A, a straight-line relationship was obtained, i.e.
where l is the length of the chord, and h is the distance from the chord to the plate. In cases where experimental results deviated from this relationship, the equation
was found to be satisfactory. In these equations A, B and C are constants. Use of one of these equations enabled the value of h corresponding to zero l to be calculated.
This value gave the minimum optical distance of separation of the bubble from the plate. It was therefore not necessary to know the exact magnification used in the photograph. The actual distance of separation could be obtained by dividing the optical distance of separation by the refractive index of the liquid. Before discussing the results obtained, it is desirable to point out some of the experimental difficulties which were encountered during the course of the work:
Electroviscosity. I I
(1) The distortion of the bubble from the spherical shape made necessary the devising of the special extrapolation method used for the calculation of the closest distance of approach. This will introduce a higher degree of uncertainty than the corresponding extrapolation for a spherical surface. This requires accurate temperature control, which was not feasible in these experi ments.
(4) Owing to distortion, the pressure inside the bubble, if required, is not easy to calculate.
Owing to these experimental difficulties, the results obtained were not of a high order of accuracy, but it is submitted that certain definite qualitative conclusions may be drawn from them. Figures 6 to 10 give distances and time of approach to the plate for bubbles of various sizes in dry benzene and ether, in water and dilute solutions of potassium chloride, and in concentrated potassium chloride solutions respectively. The possible experimental error is represented on the graphs as ±50 A.
It is seen that with small bubbles (radius approx. 0-05 cm.), the rate of approach to quite small distances (less than 100 A) is fairly rapid in the non-ionic liquids and in the concentrated potassium chloride solutions. For larger bubbles the times of approach are considerably greater, measurable approach continuing after more than 48 hr. in the case of bubbles of radius approx. 0*125 cm.
Figures 6 and 7 demonstrate that, for bubbles of constant radius approaching the plate in the same non-ionic liquid, the distance of separation (when this is small) is approximately inversely proportional to the square root of the time of approach: this is to be expected from the approximate equation (71) in the preceding paper (p. 273).
In the experiments with water and dilute aqueous solutions of potassium chloride, it is seen that the distance of separation falls off less rapidly than in the non-ionic liquids, the distance now being approximately inversely proportional to the fourth root of the time of approach.
Figures 8 and 9 correlate graphically the distances of separation for bubbles (in the various liquids at a fixed time, 10,000sec.) with the pressures inside them, calculated from the surface tension and the radius (neglecting distortion). It is seen that the curves so derived are of the same form as the ' equilibrium separation ' curves given by Derjaguin & Kussakov. However, after this time slow but measur able approach is continuing, and equilibrium has not been reached.
Further, the rate of approach of a bubble of given radius is found to be dependent on the ionic concentration in the dilute potassium chloride solutions, decreasing as the ionic concentration decreases. This fact, together with the observation that the distance of approach is no longer inversely proportional to the square root of the time of approach is taken as indicating the operation of an electroviscous resistance to approach in dilute salt solutions, this resistance decreasing as the ionic con centration increases, as previously predicted (p. 273).
The results obtained in concentrated salt solutions (e.g. in 1n-KC1, figure 10), where the distance of approach is found to be approximately inversely proportional to the square root of the time of approach (as with the non-ionic liquids) are thus also in agreement with the prediction. In concentrated salt solutions, where the electrokinetic potential is small, and the specific conductivity large, the electroviscous resistance to approach is negligible compared with the ordinary viscous resistance, even at very small distances of approach.
